Abstract: Metalloproteins represent a large share of the proteomes, with the intrinsic metal ions providing catalytic, regulatory and structural role critical to protein functions. Structural characterization of metalloproteins and identification of metal coordination features including numbers and types of ligands and metalligand geometry, and mapping the structural and dynamic changes upon metal binding are of significance towards understanding biological functions of metalloproteins. NMR spectroscopy has long been used as an invaluable tool for structure and dynamic studies of macromolecules. Here we focus on the application of NMR spectroscopy in characterization of metalloproteins, including structural studies, identification of metal coordination sphere by hetro-/homo-nuclear metal NMR spectroscopy. Paramagnetic NMR as well as 13 C directly detected protonless NMR spectroscopy will also be addressed for paramagnetic metalloproteins.
Introduction
Metal ions play important roles in life science and the molecular mechanism of metal-dependent life process and the entirety of metal within a cell or tissue/organ are the topics of emerging field of metallomics and metalloproteomics [1] [2] [3] . Metal ions usually must associate with proteins (and other biomolecules), i.e. metalloproteins, to prevent the toxic effects of metal excess. Metalloproteins are one of the most diverse classes of proteins with the intrinsic metal ions providing catalytic, regulatory and structural role critical to protein function, and are found in plants, animals and many microorganisms. It has been estimated that metalloproteins account for approximately one-quarter to one-third of all the proteins in the human body [4] . A recent study revealed that much of microbial metalloproteomes still remains uncharacterized [5] . Systematic bioinformatics survey on 1371 metalloenzymes with known structures showed that about 40% of enzyme-catalyzed reactions involve metal ions e.g. magnesium, zinc and iron [6] . Enormous efforts have been devoted toward understanding the structure and function of the metalloproteins and such knowledge was also used to design a new functional metalloprotein [7] and to rationalize and to search for new metalloproteins by bioinformatics approach [6, 8] . However, it is impossible currently from gene sequence to predict the numbers and types of metal an organism assimilates from its environment or uses in its metalloproteins because the geometry and composition of metal binding site are diverse and poorly-recognized [9, 10] . Therefore, understanding of the function of metalloproteins comes from individually characterization of the structures of the proteins and chemical states of the metal centers by various spectroscopic techniques including NMR spectroscopy, circular dichrosim (CD), elec-tronic absorption spectroscopy (UV), small angle X-ray absorption as well as extended X-ray absorption fine structure (EXAFS).
Over the last three decades, NMR spectroscopy has been developed into a very important and versatile analytical technique both in the chemical and biological sciences. It has been used within the framework of Structural Genomic (SG) projects worldwide for determination of structures of proteins at atomic level under physiologically relevant conditions [11] [12] [13] . Moreover, NMR spectroscopy is applicable to study the interactions of proteins with other molecules including proteins, nuclei acids even small molecules which are mainly based on the sensitivity of the chemical shifts towards changes in the chemical environments [14, 15] . Application of this technique to structural studies is limited to small proteins (30) (31) (32) (33) (34) (35) KDa) even with the aid of isotopic labeling ( 13 C, 15 N and 2 H) although backbone assignments of a 723-residue enzyme with a molecular weight of 81.4 KDa were achieved [16] . Recently, a few breakthroughs have been made in this field. This includes the first NMR structure of a seven-helix transmembrane protein determined in membrane-mimetic environments [17] and the first structure determined in living cells by in-cell NMR [18] . Apart from its application in structural studies, NMR spectroscopy is also able to monitor the internal motion of biomolecules ranging from subnanoseconds to beyond seconds. Characterization of dynamics of biomolecules, such as folding transition will be great help for our understanding the biological function of the biomolecules.
Application of NMR spectroscopy in studies of metalloproteins in principle is the same as other proteins if proteins contain diamagnetic metal ions. In the case of paramagnetic metalloproteins, things are getting more challenging since paramagnetic metals affect longitudinal and transverse relaxation rates of observed nuclei. However, recent advances in the hardware and methodology have enable structures of such metalloproteins to be determined including 13 C-detected experiments, solid-state NMR and discovery of paramagnetic relaxation enhancement (PRE) [19] [20] [21] . In this review, we will address mainly the application of NMR spectroscopy in studies of metalloproteins including contribution of NMR in structural characterization of metalloproteins, in particularly, special attention will be devoted to utilization of NMR in characterization/identification of the metal binding sites and its coordination environment as well as in probing conformational changes of metalloproteins upon metal binding and release. The techniques used for paramagnetic metalloproteins will be also included briefly since a number of reviews in this field can be found [19] [20] [21] [22] . Systematic review on application of metal NMR spectroscopy will not be made and interested readers are directed elsewhere [23] .
The Contribution of NMR to structural metalloproteins

Conventional method for structure determination of metalloproteins
NMR spectroscopy can be applied to structurally characterize diamagnetic metal containing metalloproteins similarly as other proteins. Amongst the structures deposited to the Brookhaven Protein Data Bank (PDB), ca. 15% of the structures were resolved by NMR. Here, we will give a brief summary since the detailed methodology can be found in numerous references [11, [24] [25] [26] .
In structural studies of proteins/metalloproteins, concentrations of about 1 mM are typically required and proteins must be soluble and stable over a period of time (weeks). For small proteins with several tens of amino acids e.g. metallothoinine [27, 28] , it is sufficient using 15 N-labled samples to determine structures of the proteins. However, if proteins can be overexpressed in a bacterial system (e.g. E.
coli), it is desirable to overexpress the protein with uniform enrichment of 15 N and 13 C even for small proteins. This will make full use of multidimensional heteronuclear NMR experiments to increase the spectral resolution. Unlike other proteins, expression of metalloproteins in a bacterial system usually requires specific metal ions to be supplemented in the medium to induce overexpression of the targeted proteins [14, 29] . Alternatively, metal ions have to be incorporated into the proteins after purification; in particular if the metal ions play structural roles, otherwise the proteins may not be stable for structural characterization. For example,
HypA from Helicobacter pylori precipitates easily in the absence of zinc which serves a structural role [15] . However, caution has to be taken during metal incorporation since excess metal ions may also cause protein aggregation.
A major bottleneck in solving protein structures by NMR is the highly peakpicking and assignment of chemical shifts and NOEs. Chapter 4 of this book. In order to get a relatively good quality of the structures, numbers of the NMR restraints used for structural determination are usually of the order of 10-20 independent interatomic distances per amino acid plus some dihedral restraints and as well as atom-atom vector directions. The quality of calculated structures has to be evaluated using programs PROCHECK, WHATIF etc.
and detailed description can be found in a recent review [13] .
In addition to general strategies described above, metal-based NMR parameters are also offering great help in evaluation of structures of metalloproteins especially for those metalloproteins that their folding is highly metal-dependent. [45] with only one structure (rat liver Cd 5 Zn 2 MT2) determined by X-ray crystallography [46] . The protein consists two dynamic metal-thiolate clusters and folded into two domains (α, β) and structural mobility of the protein has made it difficult to be crystallized. The metal cluster restraints e.g. Cd-S bond lengths, as well as Cd-S-Cd, S-Cd-S and CysC β -S-Cd bond angles from the X-ray crystal structures of model cadmium complexes and rat liver Cd 5 Zn 2 MT2 were often incorporated with other distance and angle restrains in structure calculation.
Recently, a new member of metallothionine MT3 with the conserved CPCP motif in the N-termini is involved in the growth inhibitory activity and is downregulated in the brain of Alzheimer's patients [47] . The solution structures of both human [27] , and mouse MT3 [48] resolved by NMR spectroscopy for the Cterminal α-domain, Fig. 8 [52, 56, 57] . Comprehensive reviews in this area can be found [56] [57] [58] . Here, we will only highlight some of the recent studies. Solution structure of Gfi-1 zinc finger 3-5 complex with a 16-mer consensus DNA ( Fig. 8.2a ). Solution structure of Gfi-1 zinc finger 3-5 complex with a 16-mer consensus DNA (Fig. 8.2a [62] . The Cys 3 His 1 zinc finger motif is also found in the structure of SAP30 polypeptide of the Sin3 corepressor complex which adopts a novel fold comprising two β-strands and two α-helices with the zinc organized center. Such a structure may also function as a double-stranded DNA-binding motif [63] . The zinc finger CW (zf-CW) domain with a motif about 60 residues is frequently found in proteins involved in epigenetic regulation. Interestingly, NMR structure of human zf-CW domain and PWWP domain containing proteins1 reveal a new fold in which a zinc is coordinated tetrahedrally by four conserved Cys residues [64] . Such a structure partially resembles the plant homeo domain (PHD) finger bound to the histone tail, implicating a similar function of zf-CW domain [64] .
This kind of Cys 4 motif is widely found in other metalloproteins such as [NiFe]
hydrogenases accessory protein HypA. Solution structure of HypA from Helicobacter pylori ( Fig. 8.2c ) showed that zinc coordinated to four cysteines donated from loops and no apparent secondary structure found in the zinc-domain [15] .
The X-ray structure of HypA from Thermococcus kodakaraensis KOD1 further confirmed such a zinc coordination sphere [65] . 2kdx) with the zinc ions in gray sphere coordinated to four cysteine sulfurs.
Utilization of chemical shifts to generate structures
Protein NMR chemical shifts are highly sensitive to local structure and reflect a wide array of structure factors including backbone and side-chain conformation, secondary structure, hydrogen bonds, and the orientation/ position of aromatic rings. Chemical shift data can be used in conjunction with protein sequence information and reasonable force field to generate 3D structure models using the method of CHEMSHIRE or CS-ROSETTA [66] [67] [68] . The Chemical-Shift- Monte Carlo fragment assembly and energy minimization protocol [67, 68] . The CS-ROSETTA has been further combined with CYANA using unassigned NOESY data to direct Rosetta trajectories toward the native structure and produces a more accurate models than CS-ROSEAAR alone [69] . Moreover, chemical shifts has been further extended in determination of protein-protein complex structures via CamDock method [70] . The method that utilizes chemical shifts to generate structures may provide potentially a new direction for high-throughput NMR structure determination of proteins including metalloprtoeins although such a method has not yet been applied in metalloproteins so far.
Identification of metal coordination
Homonuclear and hetronuclear metal NMR spectroscopy
Metalloprotein functionality depends on subtle interaction between properties of the metal ion, dictated by its coordination chemistry. Our present knowledge in terms of structure-function of metalloproteins in particular the role of metal ions involved varies considerably from proteins to proteins. Therefore, identification of metal coordination parameters including numbers and types of ligands and metalligand geometry and mapping the structural and dynamic changes upon metal binding are of significance towards understanding biological functions of metalloproteins. Today, NMR spectroscopy is one of the leading techniques for this pur-pose. Applicability of homonuclear metal NMR and hetronuclear 1 H-metal HMQC to directly monitor protein-metal interactions highly rely on the properties of the nuclei. Some of the metal (e.g. 113 Cd) NMR has been used extensively to identify coordination sphere of the metal ions. Moreover, the coupling constants between the NMR active metals and nuclei of the protein provide insight into the identity and geometry of the metal ligands [71] . Many metal (e.g. 43 Ca, and 67 Zn)
NMR are less powerful and hardly used owing to the fact that these nuclei have the spin quantum number I greater than ½ which led to lower sensitivity and poor resolution and broadening due to large quadrupolar moment although ultrahigh field improve it. Several reviews have systematically summarized the application of heteronuclear NMR spectroscopy in biological and medicinal chemistry as well as in study of metalloproteins [23, [71] [72] [73] . Here, we will highlight some of the recent progresses as a snapshot of using metal NMR to identify metal coordination.
Cadmium is one of the most widely used metal nuclei for probing metalprotein interactions, despite its toxic properties. It has two NMR active nuclei 113 Cd and 111 Cd (spins of ½) with the former being slightly more sensitive and therefore usually used as a preferred nucleus. At natural abundance, the sensitivity of 113 Cd is very low (ca 7.6 folds of 13 C), therefore isotopic enrichment (ca 96%) of 113 Cd is usually needed to ensure reasonable quality of spectra to be acquired in a relatively short period of time (few hours for ca 0.5 mM samples). 113 (0.9 Å) [27, [74] [75] [76] [77] . Moreover, the substitution of the native zinc from metalloenzymes and DNA-binding proteins by cadmium caused almost no changes in their structures and functions [78, 79] . and N represents nitrogen from histidine [71] . 113 Cd chemical shifts are very sensitive to the nature, number, and geometric arrangement of the coordinated ligands [71] as shown in Fig. 8 However, , with the advances in novel experiment design and development of software protocol in recent years, the presence of paramagnetic centre has been used as a precious source of structural information [19, 20] . Extensive reviews regarding this topic can be referred to selected reviews [19] [20] [21] [22] [111] [112] [113] . Here we will give a very brief description on the paramagnetism-based restraints as well as application of 13 C-detected experiments in structural of paramagnetic metalloproteins.
Paramagnetism-based structural restraints
In paramagnetic systems, where paramagnetic metal ions are either intrinsic or extrinsic, there are three NMR experimental observables that yield long-range structural information e.g. paramagnetic relaxation enhancement (PRE); pseudocontact shifts (PCS); residual dipolar couplings (RDC) induced by anisotropic paramagnetic centers. In addition, cross-correlated relaxation (CCR) effects between anisotropic paramagnetic centers and anisotropic parameters of the nuclear spins can also be exploited to generate long-range restraints [19, 111, 112] . Paramagnetic centers with isotropic electron spin distribution (Mn 2+ and Gd
3+
) produce large PREs due to slow electron relaxation. In contrast, paramagnetic centers with anisotropic electron spin distribution for most paramagnetic metal ions including most of the lanthanides create all four long-range paramagnetic effects, which contains rich structural information [114] . Here, we will focus on the PRE and PCS and their applications. Information about RDC can be found in Chapter 4.
The PRE arises from magnetic dipolar interactions between a nucleus and the unpaired electrons of the paramagnetic center, resulting in an increase in nuclear relaxation rates. In contrast to NOE, where the effects are limited to short range interaction (< 6Å); the PRE effects are relatively large and can be detected up to 35 Å owing to large magnetic moment of an unpaired electron. There are two mechanisms e.g. the Solomon mechanism and the Curie spin mechanism that contribute the PREs, with the former being predominate for slowly tumbling molecules with long life-times of the electronic spin state (such as Mn 2+ and Gd
).
While the Curie relaxation becomes important when the electronic relaxation is much faster than the rotational tumbling of the molecules, which is the case for the majority of paramagnetic metal ions. Theoretical and experimental aspect of PRE as well as its application in studies of structures of proteins and protein-protein complexes can be found in recent reviews [114] [115] [116] .
At high magnetic fields (over 500 MHz for 1 H frequency), the PRE rate, Γ2
which arises from the dipole-dipole interaction between a nucleus and unpaired electrons with an isotopic g-tensor is conventionally calculated by the SolomonBloembergen (SB) equation: Where r is the distance between the paramagnetic centre and the observed nucleus; µ 0 is the permeability of vacuum; γ I , the nuclear gyromagnetic ratio; g, the electron g-factor; µ B , the electron Bohr magneton; S, the electron spin quantum number and τ c , the PRE total correlation time. In practice, Γ 2 is measured as a difference in transverse relaxation rates between the paramagnetic (R 2,para ) and diamagnetic (R 2,dia ) states. A two-time point measurement is recommended as a simple approach of obtaining Γ 2 rates and their corresponding errors without fitting procedures. In this approach, the Γ 2 rates are determined from two time points (T=0 and ∆T) for transverse relaxation as shown by the following equation [116] :
Where I dia , I para are the peak intensities for the diamagnetic and paramagnetic states, respectively. The choice of time points is important to minimize the error.
For example, if the range of Γ 2 rates is 0-75 s -1 , a second time point Tb should be at ca. 1.15/(R 2 , dia +50) s, represent a reasonable choice [115, 116] .
For isotropic metal ions such as Mn 2+ and Gd
, the Curie-spin relaxation that could potentially exhibit significant cross-correlation with other relaxation mechanisms, is negligible for medium-size macromolecules [116] , the Solomon relaxation is predominant. PRE analysis in such a system is thus simple. The PRE has been used extensively in metalloproteins that possess a rigid intrinsic paramagnetic center [117] [118] [119] . Such a strategy has also been extended not only in the NMR structure determination of non metalloproteins [120] [121] [122] , in which paramagnetic metal ions (Mn 2+ or Gd
) or nitroxide radicals were conjugated through appropriate chemical modification [123] , but also in the characterization of protein-protein/nuclei acid complexes [124] [125] [126] ; and membrane-proteins [127] , in particular in transient macromolecular interactions [115, [128] [129] [130] [131] .
Pseudocontact shifts (PCSs) are precious source of structure information and observed only in paramagnetic systems with anisotropic unpaired electrons e.g.
Dy
3+
, Tb 3+ and Fe
. The magnitude of the PCS, δ pcs , is calculated using the following equation [132] : Where r is the distance between the metal ion and the nuclear spin; θ and ϕ are the angles describing the position of the nuclear spin with respect to the principle axes of the magnetic susceptibility tensor χ; and the ∆χ ax and ∆χ rh are the axial and rhombic components, respectively, of the magnetic susceptibility tensor.
The PCS are manifested by large changes in chemical shifts of the nuclear spins that are exposed to the paramagnetic metal ions and arise from throughspace dipolar interactions with rapidly relaxing unpaired electrons. The PCS displays a r -3 distance dependence, in contrast to the r -6 dependence for the PRE, which results in a relatively long distance range for the PCS to be detected (ca. 40
Å for Dy 3+ ) [133] . In general, the δ pcs values can be measured after the complete assignment for the The first example of using PCS in a structure refinement was reported on a lowspin Fe 3+ heme protein [134] . Such a strategy has been extended not only in studies of paramagnetic proteins [135, 136] , but also in non-metal binding proteins [137, 138] , which were labeled by paramagnetic metal ions such as lanthanides [114, 139] , or genetically encoded Co 
13 C-detected protonless NMR
Direct-detection of heteronuclei, in particular 13 C offers a valuable alternative C NOESY spectra are identified, which would represent a breakthrough of structure determination of large macromolecules in solution by providing distance constraints. However, the sensitivity for 13 C direct detection is required to be improved before long-rang correlations to obtain 13 C-13 C distance constraints can be used in structural characterization of large macromolecules.
13
C direct detection has been successfully applied to paramagnetic proteins, where the contribution to line broadening coming from the paramagnetic centre is NOESY experiments are therefore a useful approach to overcome the quench of scalar coupling based transfer in particular for large macromolecules. The use of 13 C direct detected experiments e.g. Such studies open new avenues for the application of 13 C direct detection experiments to systems with molecular assemblies larger than 100 kDa.
Perspectives
Since the first protein solution structure was determined by high resolution NMR spectroscopy about 25 years ago [166] , NMR has been established as the only experimental method that provides both structural and dynamical information at atomic resolution close to physiologically relevant conditions. Protein structure determination in living cells has also been achieved recently by in-cell NMR [18] .
However, the limitation of this technique in structural studies lies in low sensitivi- [170, 171] . The examples include "GFT" NMR approach where sub-spectra from joint sampling of indirect dimensions are linearly recombined and analyzed [172] . In projection reconstruction ("PR") method, the corresponding full-dimensional spectrum is reconstructed [171, 173, 174] . Moreover, various ultrafast NMR techniques including SOFAST/BEST NMR [175, 176] and Hadmard NMR [177] are also available for studies events of biomolecules even in real time. All these new schemes deliver appreciable improvement in the speed of data acquisition and show promise for speed up multidimensional NMR of normal size proteins [170, 178, 179] and very large proteins [180, 181] as well as sequence assignment for intrinsically unstructured proteins [178] . 13 C NMR spectroscopy is emerging as a powerful tool to complement 1 H NMR spectroscopy in the investigation of biomolecules, in particular for large molecules and paramagnetic metalloproteins and also for the study of short-lived molecules [182] . However, the data acquisition time is rather long even for sample with high concentrations (ca. mM). Implementation of fast NMR methods such as nonuniform sampling in the indirect dimension significantly reduced experimental times [183] . Such a strategy will open new avenues to applications of 13 
